The crater lake Lake Albano is an increasingly diminishing water resource in terms of volume, the lake level has dropped more than four meters since the 1960s, and water quality resulting from elevated levels of nitrogen and phosphorus. 
INTRODUCTION
Lake Albano, for its location near Rome (Fig. 1) , was considered for early limnological studies from the end of the 19th century, when Marinelli (1894 Marinelli ( -95, 1902 and De Agostini (1898 Agostini ( , 1917 studied the bathymetry and showed temperature profiles of the lake. In the first half of the 20 th Century several authors considered the biology of the lake, often using a comparative approach with other volcanic lakes in Latium (for a literature review see: Stella & Socciarelli (1950) and Margaritora (1992) ). Most of these papers focussed on zooplankton and to some extent on macro benthos, (e.g., Stella & Socciarelli 1950; Stella & Argenti 1953; Margaritora et al. 1988; Mastrantuono 1990 ) with scarce information on phytoplankton (Cannicci 1953; Margaritora et al. 1988 , Bazzanti & Seminara 1995 .
Catastrophic hydrologic events (such as lahars) at Lake Albano have been recorded by its sediments. The lake stratigraphy and Roman historians (from Plutarcus to Titus Livius, see Funiciello et al. 2002) have shown rapid and substantial water level variations and lake withdrawal possibly caused by rapid variations in CO 2 flow and up-welling of hydrothermal fluids (Funiciello et al. 2002 (Funiciello et al. , 2003 Bersani & Castellani 2005) . Since the 1990s, the whole volcanic complex has been more intensely studied because of the potential risk posed to the local population from hazardous levels of CO 2 that continue to arise from residual magmatic activity (Funiciello et al. 2002 (Funiciello et al. , 2003 Beaubien et al. 2003; Tuccimei et al. 2006) . Due to the instability of the area resulting from earth tremors and residual thermal activity the possibility of lake-rollover and CO 2 limnic eruption is thought to pose the highest threat of the volcano today (Funiciello et al. 2003) . Underwater gas springs have been documented from direct observation through bathyscaphe methodologies (Capelli et al. 1998) and gas saturation of the bottom waters have been shown from isotopic studies (Carapezza et al. 2008) . The processes involved in a limnic eruption could follow those of the tragic events that occurred in Lakes Nyos and Monoun in 1996 (Sigurdsson et al. 1987; Rice 2000) , although CO 2 concentrations at Albano Lake are at much lower levels.
Volcanic lakes generally have small catchment areas and so the physical and chemical characteristics of their water tend to reflect water-rock interactions that occur in and beneath the lake as well as variations in the flux of heat and volatile compounds derived from subsurface hydrothermal/magmatic systems (Varekamp et al. 2000) . The water chemistry of Lake Albano is assumed to mainly derive from these subterranean interactions; the elevated CO 2 concentrations of the monimolimnion have been shown to be volcanic and not of biological origin (Martini et al. 1994; Cioni et al. 2003) . The large relative depth to surface area of Lake Albano results in a high hydrostatic pressure at the base of the lake which holds the CO 2 saturated water at depth. But high CO 2 concentrations can reduce this stability and small perturbations such as landslides, heavy/cold rainwater, internal waves, groundwater surges into the lake could move the water up sufficiently to reach saturation (pCO 2 = p total) leading to a possible limnic eruption (ex-solution) of CO 2 at the surface (Zhang 1996) . As mentioned above similar events have occurred on a catastrophic scale at lakes Nyos and Monoun of Cameroon. The large CO 2 storage capacity of Lake Albano and the underlying possibility of gas ex-solution may hold some considerable risk amongst all the residual thermal anomalies of the Colli Albani Volcano (Funiciello et al. 2003) .
Comprehensive paleolimnological studies have been carried out at the lake within the EU project PALICLAS (Guilizzoni & Oldfield 1996; Chondrogianni et al. 1996) . From analysis run on a 15 m sediment core extracted at a depth of 70 m; the presence of annual varves down to the bottom of the core (1700 AD) indicated the lack of bioturbation and likely long-term meromixis, meaning that deeper waters (monimolimnion) never or rarely mix with the upper water layers (Lami et al. 1994; Guilizzoni et al. 2002) . These studies showed strong decreases in the concentrations of biological proxies, such as, pollen, algal pigments and biological remains and linked them to nine major deforestation events of the mid-Holocene climatic transition. Most of the indicated environmental changes were synchronized with those in nearby Lake Nemi and with those in the Adriatic Sea, indicating the importance of regional rather than local effects (Guilizzoni et al. 2002) . The evaluation of the trophic state of the lake from cored sediments was difficult due to the past meromictic characteristics of the lake. However, based on algal pigments and zooplankton remains, the onset of eutrophic conditions approximately, dates back to 1870. This is likely due to an increase in the human population within the watershed (Lami et al. 1992 (Lami et al. , 1994 . Eutrophication caused by anthropogenic activity in the 1960s and 70s was shown by an increment in the cyanobacterial pigments contained in the sediments (Margaritora 1992; Lami et al. 1994) . Phosphorus, chlorophyll and water transparency measurements performed by Pagnotta et al. (1986) on Latium lakes resulted in a meso-eutrophic classification of Lake Albano which has been echoed in many other studies carried out since (Provini et al. 1992) .
Furthermore, during the last 10 to 15 years over-extraction of water and groundwater from Lake Albano watershed has led to a dramatic lowering of the water level (Capelli et al. 1998) . A recent study has estimated a level lowering of 2.67 m from 1984 to 2003 corresponding to a water loss of around 16 Mm 3 (Medici 2005) . This reduction in lake volume may have major consequences regarding the water quality of Lake Albano. Combined with a long water renewal time (47 years) and increase urban inputs, chiefly from sewage effluents and to a lesser extent from surface run-off to the lake, the problems associated with increasing lake trophy have been exacerbated. A well know consequence of eutrophication is an increase of cyanobacterial growth and potential bloom formation (Paul 2007) . Many bloom forming cyanobacteria are known to produce toxins, which when produced in sufficient quantities can cause death of animals and pose risk to human health (Briand et al. 2003) . Toxin analyses of Lake Albano have revealed six different microcystin variants at concentrations up to 14 µg L -1 Messineo et al. 2006) . These levels are well above those recommended by the World Health Organisation (provisional value 1µg L -1 for free and cell-bound microcystin-LR; WHO 2003) . In the study of Messineo et al. (2006) it was also shown that the groundwater system was contaminated with trace levels of cyanotoxins which poses a potentially significant threat to drinking water supplies. Depending on the climate, blooms can extend for long periods, while most blooms extend from late autumn to mid-spring (Pomati et al. 2000; Gentian et al. 2005; Paul 2007) .
Despite the economic, historical and touristic importance of Lake Albano (Castel Gandolfo the summer residence of the Pope and the home of the Vatican Observatory are within the watershed) to date there has been no long-term limnological study. The combination of residual volcanic activity, lake level lowering and the presence of toxic cyanobacterial blooms indicates with confidence that the lake water quality has significantly deteriorated and that its usages are becoming limited. Thus there is a pressing need to assess the extent of this loss and to identify remedial actions. This paper aims to combine a detailed four-year water quality (chemistry and biology) study, with a review of past data and speciation modelling to identify and assess the changes that occur within the lake seasonally and throughout the water column. The paper also aims to identify the causal agents involved in the deterioration of the water quality and to discuss the role of physical (winter and springwater overturn) and chemical processes (nitrogen [N] and phosphorus [P] dynamics, the precipitation of calcite, and the co-precipitation of P and other compounds). Figure 1 and table 1 show location and morphometric characteristics of Lake Albano. The lake is located on the west slope of the Colli Albani volcano; 293m a.s.l., 24 km southeast of Rome city centre, Italy. The lake is of elliptical shape, elongated in NW-SE direction, and fills two coalescent craters representing the last known eruptive products of the volcano. The volcano still shows frequent seismic activity, local uplift, hydrothermal circulation and gas emissions (mostly CO 2 , H 2 S, HF) indicating that there is still energy in the volcanic system and it represents a geologic hazard (Chiarabba et al. 1994 (Chiarabba et al. , 1997 Calcara et al. 1995; Giordano et al. 2000; Pizzino et al. 2000; Funiciello et al. 2002) . During a hydrogeological study of the area two aquifers systems were identified as feeding the lake: one regional and one perched . According to the authors, the upper surface of the regional aquifer lie 200 m a.s.l. and as the lake extends from 290-170 m a.s.l. it intercepts water from both aquifers. The lake has a surface area of 5.2 km 2 , perimeter of 10 km and a maximum depth of ~170 m. The lake is predominantly fed by groundwater sources and in the past was drained by a unique artificial outlet (a 1.5 km tunnel traversing the crater wall, constructed around 398-397 BC). Since the early 1990s, because of the increasingly lower lake level due to high urbanisation and over exploitation of groundwater resources, the tunnel no longer drains the lake water and the downstream outlet has been walled up for hygienic reasons. The present-day water level is nearly four metres lower than in 1960. The climate of the area is considered to be Mediterranean; the area has also been classified as maritime with respect to rainfall (Capelli et al. 1998 Water chemistry of the lakes Bolsena, Mergozzo, Maggiore, Lugano, Como, Iseo and Garda, used for the comparison of the inorganic carbon equilibrium with Lake Albano, was obtained by analyses performed in the same laboratory with the same analytical methods. The relationship between pH and bicarbonate at different atmospheric partial pressure of carbon dioxide used to discuss the inorganic carbon equilibrium of the waters is described by Stumm and Morgan (1981) . In particular, the stoichiometric approach of the equilibrium of solutes in aqueous carbonate solution has been used, having the effect of simplifying the Lake Albano waters to a solution of calcium carbonate. The equilibrium constants of inorganic carbon and calcite solubility used, reported by the same text, are corrected for the lake temperature and water ionic strength (the extended Debye-Huckel approach, as the ionic strength of Lake Albano and of the other lakes considered have ionic strengths below 10 -1 M). The presented values of atmospheric carbon dioxide were assumed to be 370 ppmv (Karl & Trenberth 2003) .
STUDY AREA, SAMPLING STRATEGY AND METHODS
Depth profiles of temperature, conductivity, oxygen and pH were made at 5 m intervals from 0 to 30 m and 10 m intervals between 30 and 160 m using a multiprobe (Hydrolab, minisonde 4a). Redox potential profiles were included from October 2005 (Hydrolab, minisonde MS5). Secchi depth measurements were made by the same operative at the same time during each sampling trip from the shaded side of the boat. Water samples were collected into 1-L high density polyethylene bottles pre-washed by soaking for 24+h in Detergent-8 (Alconox, USA) and then rinsed four times with deionised water. All samples were transported on ice to the laboratory.
Measurements of alkalinity, filtration of lake water for chlorophyll-a (Chl-a) determination, filtration of water samples for dissolved nutrient analyses and fixation of samples for counts were made upon return to the Biology of Algae Laboratory, University of Tor Vergata, Rome. Chl-a analyses involved the filtration of a known volume of lake water through a 45 μm Whatman GFC filter, using vacuum pump at 14 KPa (Gelman Little Giant, Gelman Sciences). The filters were left overnight in 5 mL of acetone (90%) at 4 °C. The Chl-a content of the extract was estimated according to a spectrophotometric method described by Marker (1972) . Analyses of inorganic fractions were performed within 24 h of sampling. Lake water was filtered through 0.45 µm cellulose-acetate membranes (pre-washed with 10% HCl and rinsed with deionised water). From frozen, filtered total-and total-P and total-N were measured within the same week of the sampling trip. NH 4 -N was determined spectrophotometrically by the absorbance of indophenol blue (Solórzano 1969) . NO 2 .NO 3 -N was determined using a second derivative UV/visible spectroscopical method (Ferree & Shannon 2001) . Soluble Reactive Phosphorous (SRP) and analysis of phosphates were measured by molybdate colorimetry (Murphy & Riley 1962) . Measures of total N and P were made on filtered and unfiltered samples following persulphate digestion (Langer & Hendrix 1982) . Organic N and P were calculated as the difference between total and inorganic fractions.
Major ion and trace element analyses were carried out on spring and late autumn samples at the CNR Institute of Ecosystem Study, where nutrient concentrations were also measured, for a comparison between the two laboratories. Chemical variables considered were, pH and conductivity (APAT, IRSA-CNR 2003 and A.P.H.A. 1992 ), alkalinity (A.P.H.A. 1992 , Gran 1952 and nitrate, sulphate, chloride by ion chromatography (APAT, IRSA-CNR 2003) . Ca, Mg, Na, K by I.C.P. Optical Emission Spectroscopy (APAT, IRSA-CNR. 2003), reactive and total P (Valderrama 1977 (Valderrama , 1981 , nitrite and total N (A.P.H.A. 1992), reactive silica (Golterman 1978) . Limited to spring and autumn samples of 2006 and 2007, the trace elements (Al, As, B, Ba, Fe, Li, Mn, Se, Sr, V, Zn) were also measured by ICP OES (Simultaneous ICP-OES Vista MPX axial configuration, Varian with concentric and ultrasonic nebuliser, CETAC.) following U.S. E.P. A. (1994, 1996) , ISO 11885 (1996 ISO 11885 ( ), A.P.H.A. (2005 and APAT IRSA-CNR (2003) . The concentrations of Cd, Co, Cr, Cu, Ni, Pb, Pt, Ti, were below their respective detection limits and were therefore not considered.
Visual MINTEQ was used to calculate the equilibrium composition of dilute aqueous and precipitated compounds throughout the water column of Lake Albano. VMINTEQ is the windows version of the MINTEQA2 model (Allison et al. 1991; Allison & Brown 1995) which is a geochemical equilibrium speciation model for dilute aqueous systems. The model has an extensive thermodynamic database that is adequate for solving a broad range of problems without need for additional user-supplied equilibrium constants. The data also included trace elements. The model calculated the concentrations of possible chemical species, their mass distribution but more importantly the saturation index (SI = Log IAP -Log Ks) for a number of minerals. The saturation index of minerals was then used to identify possible mineral crystallisation or dissolution phases. When SI values are less than zero, the water is considered under-saturated with respect to that mineral. A positive SI value indicates super-saturation and the potential for the mineral to precipitate. The zero SI value shows saturation or equilibrium state. In practice, SI values in between -0.5 and +0.5 will indicate a great potential for the formation of solid forms. The data used in the model was from the summer of 2007 at four different depths (0, 10, 140 and 160 m).
Weighted means were based on volumes of strata bonded by any two depths calculated by a polynomial fit to the cumulative volume curve obtained from a bathymetric map of the lake. Means for each determinand were based on three repeats, coefficients of variation were used to assess the large variability (seasonal and spatial) of Chl-a. Correlation coefficients (r and P values) to determine relationships among lake water and biological determinands, were calculated using SPSS v.10 for Windows (Chicago, Illinois, USA).
RESULTS

Temperature and oxygen concentrations
Temperatures below 30 m down to the bottom of the lake are very stable and range between 8.5 to 9.0 °C (Fig. 2) . During the winter months the difference of temperature between epilimnic waters (0 -10 m) and the deepest layers (50 -160 m) fall between 0.2 and 0.01 °C in January and March. The temperature of the euphotic zone was highly variable; the changes across time and depth are given in figure 2 ranging from 27.4 (11/08/08) to 8.1 °C (31/01/05). Well defined thermal stratification occurred from April-May to OctoberNovember. The thermocline is variable ranging from the surface down to 20m, with gradients of around 1.5 -2.0 °C m -1 . White boxes occurring between 06/08/06 to 14/05/07 indicate periods where no data was available as sampling was not possible.
Oxygen profiles are shown in figure 2 for the first 50 m. During winter the superficial water (0 -20 m) remains saturated with rapid depletion with increasing depth to trace levels normally occurring between 30 and 50 m. Whilst in spring and summer the O 2 profile, indicated a full overturn with O 2 diffusion to deeper water layers down to 60 m and concentration about 5 mg L -1 (see Fig. 4 ). Similar O 2 profiles have been observed by Carapezza et al. (2008) and Cioni et al. (2003) .
pH, major ions and conductivity
Values of pH show seasonal fluctuations in the epilimnion typical of productive, hard water lakes, with maximum values of 8.7 -8.9 in the upper 10m from late spring to autumn, and minima of 7.6 -7.9 during winter and early spring. On the other hand, values are unusually low in the hypolimnion (pH 7.1 -7.5). Accounting for this occurrence, with prevailing conditions of oxygen depletion, strongly implies a possibility of high carbon dioxide concentrations in the hypolimnion. This feature has already been implied by Cioni et al. (2003) and Mosello et al. (2004) and has been associated with volcanic sub-surface CO 2 springs (Funiciello et al. 2003; Tuccimei et al. 2006) . The effect of the CO 2 concentration in the hypolimnion of Lake Albano compared with that of other Latium and Northern Italian lakes is evident in figure 3 . While most of the hypolimnetic values of all the lakes are in the equilibrium range with a partial pressure of CO 2 between 10 -3 and 10 -2 atm, Lake Albano values are in the range between 10 -2 -10 -1 atm. No relevant differences were found for surface values.
The chemical composition of Lake Albano waters (Tab. 2, May 2007) shows a prevalence of calcium (30% of the total cation concentration) with slightly lower magnesium, sodium and potassium contents, at 24.4, 23.6 and 21.6% respectively. Alkalinity is predominant among the anions, constituting about 87% of the total; the other anions are chloride (10%) and sulphate (2.6%), while nitrate is negligible. The total ion concentration is 11.2 meq L -1 , with a corresponding conductivity of 484 µS cm -1 at 20 °C which is slightly higher when compared with other volcanic Italian lakes (400 -450 µS cm -1 ) and much higher than Alpine lakes (150 -250 µS cm -1 ). The depth profiles of major ions shows a decrease of calcium and alkalinity in the epilimnion during summer and autumn, with no variations for the other ions which remained within the limits of the analytical errors (Tab. 2, July 2007 sampling). The gradient concentration between the epilimnion (0 -30 m) and hypolimnion (30 m -160 m) is determined from the precipitation of calcium carbonate from the trophogenic layer, and from a partial re-dissolution of the sinking calcite in the hypolimnion enhanced by the high oversaturation of CO 2 . No variations in the magnesium concentrations were observed, which indicated that there was no precipitation of dolomite or other magnesium minerals in the epilimnion. Furthermore, an extensive comparison including data from all sampling depths confirmed the strong direct relation between alkalinity and calcium (r = 0.95, P <0.01) as well as of both variables and conductivity (r = 0.98, 0.94, P <0.01).
Nitrogen, phosphorus and silica
Mean annual concentrations of the three measured N forms (ammonium, NH 4 -N; nitrate, NO 3 -N; total nitrogen TN) and calculated values of inorganic and organic N (in-N, org-N) are shown in table 3. When measured, nitrite-N concentrations were always lower than 10 µg N L -1 . Higher concentrations of org-N were found in the productive upper layers (about 70% of TN), followed by NO 3 -N (20%). In the hypolimnion, NH 4 is the most prevalent N species (40%), followed by org-N and NO 3 -N (34 and 26% respectively). The vertical profiles of N forms during summer stratification (Fig. 4) , highlights NO 3 -N peaks between 30 and 70 m, large increases NH 4 -N concentration below 70 m and org-N peaks in the upper and lower parts of the depth profile. The different P forms concentrations (Tab. 3) indicate mean values slightly higher than 10 µg P L -1 in the 0 -10 m layer for Soluble RP and Soluble TP, and values between 27 and 41 µg P L -1 for unfiltered RP and TP. Concentrations of all the P forms increased in the deeper water layers, reaching mean values close to or higher than 100 µg P L -1 in the water layer 20 -160 m, with the highest values of 300 -400 µg TP L -1 in the water layer 140 -160 m. The variations along the four years of observations show a strong peak in the upper water layer coinciding with the winter 2005-06 water mixing (Fig. 6) , while the increase due to the mixing of the winter 2006-07 was not detected because of the lack of spring sampling.
Reactive silica (Tab. 3) shows low values in the productive layers, as an effect of the diatom uptake, while concentrations reach values between 1.5-2.0 mg Si L -1 in the water below the depth of 100 m. The effect of the winter 2005-06 is evident, with a redistribution of concentrations along the water column with the highest value of 0.3 mg Si L -1 in the 0 -10 m layer (Fig. 6) .
The effect of the winter over turn on the nutrient and dissolved oxygen profiles is shown in figure 6 . During mixing, there was a large decrease in deepwater and an increase in the surface nutrient concentrations. Oxygen concentrations were much higher in the deeper water, with oxygenated water present throughout the whole depth profile. (EEA 2008) . Under their respective DL were As, Cd, Cr and Cu, but, Fe and Mn were always measurable and increased dramatically with depth. Ba doubled in concentration from surface to bottom water layers. According to the VMINTEQ, the chemical species expected to be formed (Fig. 7 and Tab. 5) would include Fe and Mn compounds associated to Al and CO 2 in surface waters and would show some potential for precipitation at bottom layers. These can be seen in figure 7 where SI values were lower at the surface and increased with depth.
Trace elements
At present and unfortunately, water quality standards only exist for Cd, Pb, Hg and Ni under the European Water Framework Directive, therefore is not possible to assess whether other trace metals were under safe concentrations. Strontium was found in concentrations ranging from 500 -800 μg L -1 which are lower than the ATSDR (2004) quality criteria levels set at 4000 μg L -1 .
Phytoplankton seasonal dominance
Chlorophyll-a concentrations showed large variation from the surface down to 30 m (Fig. 8) (Fig. 8 ). Significant relationships were found between Chl-a (volume weighted mean) and Secchi depth (Spearman's ρ = 0.482, P <0.05) and depth of maximum Chl-a concentration and Secchi depth (Spearman's ρ = 0.698, P <0.01).
The seasonal changes of phytoplankton group dominance followed to a certain extent that of a typical temperate eutrophic lake. In summer green algae dominated the superficial waters, passing from autumn through to winter there was a shift to cyanobacteria and then to diatoms in the spring. Throughout the study there was a considerable presence of the cyanobacterium Planktothrix (Oscillatoria) rubescens, often the dominant species in the deeper waters during summer, autumn and early winter. During periods of weak mixing the population of P. rubescens was normally confined to water of around 10 °C coinciding with the position of the metalimnion (~10-15 m depth), however in winter and early spring the population was dispersed throughout the epilimnion. Prominent changes in seasonal dominance included a large shift from cyanobacteria to diatoms (March 2006; 65% of total phytoplankton community) dominated by Asterionella formosa and less abundantly Fragilaria crotonensis, and Cyclotella sp. This change corresponds to a large increase in silica in the surface waters of around 300 µg L -1 . In the summer months green algae dominated the surface waters (up to 97% of the total community) made up of Mougeotia sp. Closterium aciculare and Closterium acutum var variabile (early summer) then mainly Mougeotia spp. (mid-summer). In the surface water during autumn 2007 there were large increases of the nitrogen fixing cyanobacteria Aphanizomenon sp. and to a lesser extent Anabaena spp. At the same time a large population of P. rubescens was found at 25 m depth. Visible surface accumulations of P. rubescens normally occurred around March at the leeward shores of the lake and discoloured the water red.
DISCUSSION
In the case of Lake Albano, the thermal profile close to the homothermy is normally not sufficient to permit the full overturn of the water, due to the large depth relative to the surface area and the acute cone shape of the lake basin (Fig. 1) . The occurrence of full overturn in Lake Albano is a rare event indicated by the absence or trace oxygen level concentrations, the reducing conditions in the major part of the water column (elevated NH 4 -N, NO 3 -N absence and sulphate depletion) and by previous paleolimnological studies (Guilizzoni & Oldfield 1996) . However, for two years during this study (2005 and 2006) full overturn events occurred and the possibility of future overturns at irregular intervals could be expected. Overturn events can cause the transport of non desirable elements, such as phosphorus, from the lower layers to the upper layers, resulting in high spring algal production.
The low sampling frequency did not permit a detailed description of the winter 2005-06 circulation event. However, the occurrence of a water mixing is clearly documented by the increase of oxygen in the hypolimnion observed from 25/10/05 to 17/01/06 and 15/03/06 (from zero to 2.2 and 3.7 mg L -1 O 2 ) and from the redistribution over the water column of NH 4 -N, SRP, TP, RSi (Fig. 6 ), calcium and total alkalinity. The O 2 concentration in the deepest water was soon depleted from the oxidation of ammonium, methane and other reducing substances, so that in July 2007 the O 2 concentration below 70 m was zero. The second episode of re-oxygenation of the deepest waters was observed during August 2006 and July 2007, although the re-distribution of other chemical parameters was not found suggesting this could be an artefact of the infrequent sampling.
Main factors affecting water chemistry
Concerning water quality, one important characteristic of Lake Albano, is the small surface area of the emerged watershed (3.57 km 2 ) when compared to lake surface area (6.02 km 2 ). This aspect becomes more important when considering the lake volume (464 × 10 6 m 3 ) resulting from a relatively small water supply with a very long theoretical water turnover period (47.6 y). This aspect put emphasis on the role of groundwater flows that reach and feed the lake and that have reduced over time due to over extraction.
Past hydrological events connected with volcanic activity, such as water and mud overflowing the crater walls, were associated with large and highly energetic volumes of water (Funiciello et al. 2003) . At present, it is predicted that there will be a continual decrease in lake volume and water quality. As already stated this phenomenon can have considerable impacts on the water quality and has been implicated in the increasing incidence of eutrophication of lakes (Matsui et al. 1995) . Most of the nutrients and substances reaching the lake from the watershed or from atmospheric deposition can only leave the water column through sedimentation or else they remain in solution increasing the ion concentration due to evaporation processes. As pointed out here, the mixing process assumes an increasingly relevant role in the redistribution of ions and nutrients along the water column.
The chemical speciation modelling of Lake Albano water showed that calcite and dolomite could be oversaturated in the epilimnion during the spring and summer months. For calcite precipitation to occur there needs to be a prior supersaturation of CaCO 3 minerals (past a critical concentration) and nucleation of crystal formation (Arp et al. 2001) . During spring there was a large increase in the primary productivity of the lake and the associated increase in algal photosynthesis and cellular uptake of CO 2 likely led to an increase in pH at the immediate cell surface. The uptake of CO 2 and the increase in pH causes a shift in the carbonic acid equilibrium towards an increase in CO 3 2− resulting in a very local, sharp increase in CaCO 3 oversaturation (Stabel 1986; Kurz 2000; Dittrich & Sibler 2005) . This biological mediated concentrating of CaCO 3 facilitates the nucleation of calcite crystals shown to occur on the surface of various algae at acidic groups of extracellular polymeric substances (Arp et al. 2001; Dittrich & Obst 2004) . The higher water temperatures during this period also cause a lower solubility of atmospheric CO 2 into the lake, which further favours the precipitation of calcite. Temperature also affects ion diffusion velocity and in turn influencing the rates of calcite deposition and dissolution (Bisset et al. 2008) .
In Lake Albano, there is a simultaneous reduction in the concentrations of alkalinity, Ca and Chl-a in the upper 20 m from spring to summer. This implies that the control of the cell surface microenvironment, with regard to pH and CaCO 3 may be a controlling factor in the precipitation of calcite. As the epilmnion of the lake warms and calcite precipitation increases there is also a reduction in the viscosity of water leading an increase in sedimentation rates of particulate matter (Weilenmann et al. 1989) . CaCO 3 precipitation events can be rapid, taking as little as a couple of weeks (Dittrich & Obst 2004) and most probably missed in Lake Albano because of the low frequency sampling.
The natural process of the co-precipitation of calcite and P has been utilised as a tool for the remediation of lake eutrophication (Dittrich & Koschel 2002) . However, elevated P levels have been shown to inhibit calcite precipitation (House 1987) , and therefore is thought to be natural occurrence of mainly oligo-mesoeutrophic lakes. In Lake Albano it could be that the P taken up by the large spring phytoplankton population (mostly diatoms, see below) removes the P inhibition of calcite precipitation and provides more sites of nucleation provided by the increased biomass. From the Lake Albano data it is not known if the P levels are maintained at low concentrations by biological uptake or by co-precipitation processes as there is a concomitant decrease in Chl-a, TP and Ca from the epilimnion in summer compared to spring. To elucidate this would take a high resolution study of aqueous, sediment and cellular phosphorus chemistry combined with phytoplankton dynamics.
Part of the sinking calcite can be re-dissolved in the hypolimnion because of the lower pH values and oversaturation of CO 2 due to organic matter degradation. Furthermore in Lake Albano sub-surface volcanic CO 2 springs lower the pH creating conditions favourable for calcite solubilisation and the consequent release of previously adsorbed phosphorus. The increase of calcium and bicarbonate concentrations in the hypolimnion increases the density of the water. These aspects are shown by the variations of solute chemistry along the water column and from the chemistry of sediments (Lami et al. 1994) .
The presence of large strontium concentrations and the potential precipitation of strontianite shown in figure  7 , as indicated by VMINTEQ speciation results, goes against the common thought that non-calcitic carbonates are only deposited evaporitically (Morse & Mackenzie 1990 ). However, extensive lacustrine deposits of strontianite do exist (Sonnenfeld 1984) and it has been shown that Sr-containing minerals can also be formed by the same biogenic mechanism as Ca-containing minerals ). In the epilimnion (and the metalimnion) of Lake Albano the large concentrations of cyanobacteria cells, if given the proper geochemical environment, could have an important role in the formation of strontianite (SchultzeLam & Beveridge 1994) .
Speciation from modelling
According to major cation concentration profiles presented above and because of the direct relation of Ca with alkalinity and conductivity, the modelling-results and discussion concentrated in Ca species. Table 5 shows the major Ca species in solution were associated to the carbonate system. Figure 7 shows SI values for minerals that had the potential to form or precipitate at the various depths based on VMINTEQ predictions. Model predictions showed that Aragonite and Calcite both CaCO 3 species had the potential to precipitate in the superficial waters (0 -20 m) followed by dissolution at deeper waters (Fig. 8) . Dolomite, a different carbonated species binding Ca and Mg, followed similar pattern. Hydroxypatite, which is a hydroxide form of calcium phosphate, appeared to be dissolved in shallow waters but precipitated in deep waters due to the combined effect of acidification and anoxic conditions prevailing at the bottom water layers.
The maintenance of the acute basin shape described by Martini et al. (1994) suggests that groundwater enters the lake with enough energy to re-suspend fine sediments. This energy may derive from the elevated water table to the west of the lake which is around 365 m a.s.l. compared to 290 m of the lake surface or from volcanically derived fluids and gases (Funiciello et al. 2003) . The continual lake level lowering indicates that the water abstraction rate is greater than the recharge (Capelli et al. 1998) . The run-off input is limited because of the small surface of the watershed. The reduced water input and the over-extraction of groundwater within the watershed makes Lake Albano extremely vulnerable to eutrophication processes.
In the eutrophication of lakes, P has often been implicated as the main causal factor (e.g., O.E.C. D. 1982) , and therefore eliminating the sources of P to the lake should be a priority in order to improve water quality of this increasingly diminishing resource. As shown in figure 7 , some mineral phases such as Apatite or Hydroxyapatite can be important sinks mineralisation process for excess P, in particular at depth (Ruttenberg & Berner 1993) . Other nutrient elements, such as N and to a lesser extent Si, may also limit algal production during short seasonal periods (Klapper 2003) . Unfortunately, these nutrients can rarely be regulated as they derive in mainly from atmospheric precipitation in the case of nitrogen (Bergström & Jansson 2006) , and from watershed weathering or recycling of silica (Schelske 1985) .
Seasonal changes in phytoplankton dominance
In most deep, meromictic lakes the seasonal change in climate directs the progression of phytoplankton succession; two major variables driving this succession are changes in the stability of stratification and nutrient availability (Reynolds 1984) . However, CaCO 3 precipitation may also have a large effect during the transition from spring to summer (see above). After the large increase in epilimnion N and P (as well as Si) from the full overturn there was no equivalent increase, over the seasonal average, in Chl-a concentration. This unexpected outcome possibly derives from the low sampling frequency, the effects of which can be seen during May 2005; over nine days from 03/05/05 to 12/05/05 there was a 3-fold reduction in Chl-a concentration between 0-10 m (27.3 to 9.4 µg L -1 Chl-a). Observations of seasonal changes in the phytoplankton community showed that in spring there was a general increase in diatoms, however in March 2006 there was an obvious proliferation/domination of the diatom Asterionella formosa. This proliferation coincided with the latter part of the deep mixing period and large input of nutrients, including silica, into the epilimnion from the hypolimnion. This colonial diatom has been described as an indicator of eutrophic and turbulent conditions and a good competitor for Si (Aleya 1992; Reynolds 1998) . The observed epilimnetic silica concentrations of ca.0.3 mg L -1 can be regarded as limiting for A. formosa growth (Lund 1964) . When the samples were taken the population was already established, and so most of the silica in the epilimnion was already incorporated into the biomass. Therefore, it can be assumed that the RSi concentrations were non-limiting at the initial stages of the proliferation.
In summer, a reduction of mixing and nutrient concentrations plus the increase in water stability and light availability resulted in a dominance shift from diatoms to green algae (Wetzel 2001) . The green algal community consisted of three principle species Mougeotia sp., Closterium aciculare and Closterium acutum var variabile in the upper part of the euphotic zone developing into a community dominated by Mougeotia sp. by midlate summer. A low sinking velocity and high resistance to grazing pressure are thought to give Mougeotia spp. a competitive advantage (Salmaso 2000) . Additionally, an intense colouration of Mougeotia when stained to detect phosphatase activity using 5-bromo-4-chloro-3-indolyl phosphate nitro blue tetrazolium (BCIP-NBT; data not shown) suggests a capacity to use simple organic forms of P (Ellwood & Whitton 2007) still present during the summer (around 20-40 µg TP L -1 ). Under continual stratification and nutrient depletion (increased N limitation) the domination in the upper epilimnion shifted to nitrogen fixing cyanobacteria mainly Aphanizomenon. During 2006, the aqueous inorganic nitrogen status where accumulations of Aphanizomenon and Anabaena occurred was relatively rich in NH 4 -N compared to NO 3 -N (50 and 10 µg L -1 N at 10m depth). It has been shown that Aphanizomenon growth rates are higher with NH 4 rather than N 2 and NO 3 as an N source (Ward & Wetzel 1980) . Preferences for NH 4 have also been reported for Anabaena circularis; NH 4 was also shown to not inhibit di-nitrogen fixation (Ito & Watanabe 1983) . Given this, it could be that Aphanizomenon and Anabaena adjust their buoyancy to meet N demands in conjunction with N 2 fixation. The dominance of nitrogen fixers may also be attributed to N-limitation indicated by the ratio of total inorganic N to SRP (TIN:SRP by mass) on the same sampling occasion of 4.8 at 0-10 m and 7.2 at 20-30 m indicated possible N limitation (Redfield 1958) .
In autumn, after the clearwater phase of the upper euphotic zone, there was an appearance of P. rubescens, although at depth (e.g, 20 m 06/11/07) there was still a metalimnetic population. This indicated the onset of mixing and the beginning of the displacement of this population by mixing forces. By winter the population was widely dispersed throughout the euphotic zone suggesting that control of vertical distribution during this period is mainly due to turbulent mixing rather than active buoyancy control (Dokulil & Teubner 2000; Oliver & Ganf 2000; Walsby et al. 2003) . This generalised overview can show some changes from year to year due to changes in seasonal meteorological conditions which would be expected for a deep temperate lake (Round 1971; Sommer 1993) .
The early-spring accumulations of P. rubescens were likely caused by nutrient-enrichment of the epilimnion during mixing and the low irradiance of the turbulent water leading to increased cell buoyancy pushing the cells toward the surface (Oliver & Walsby 1984; Reynolds 1984) . Reducing this buoyancy generally takes time and the extended period at the surface can lead to physiological damage and likely cell senescence by the high light intensities (Oliver & Ganf 2000) . As already stated above, P. rubescens has the potential to produce microcystins and it is likely that this cell damage leads to the release of microcystins into the lake, and possibly the groundwater where trace levels have already been measured (Messineo et al. 2006) .
CONCLUSIONS
The study has highlighted essential aspects of the physical and chemical limnology of Lake Albano and linked them with the morphology, hydrology and volcanic nature of its aquifer and watershed basin. The conic form and the remarkable depth of the lake normally restrict complete winter mixing which prevents the oxygenation of hypolimnic waters during the period of thermal stratification. This oxygen deficit has been accentuated in the last decades by the deterioration of the lake's trophic status and the consequent increase of organic matter sedimentation. Surprisingly, this study showed full mixing events down to the bottom of the lake identified by the near homogenization along the water column of algal nutrients. The infusion of oxygenated waters into the hypolimnion were quickly consumed by the oxidation of reducing substances mainly NH 4 and hydrogen sulphide compounds. The subsurface emissions of volcanic CO 2 plays a fundamental part in the equilibrium of inorganic carbon, by lowering the pH and provoking partial resolubilisation of CaCO 3 precipitates in the hypolimnion developed from epilimnion biological processes. The potential co-precipitation of calcite and phosphorus can result in a reduction of dissolved phosphorus from the epilimnion, but the dissolution of calcite in the hypolimnion means there is a release of P, where it may be brought back in circulation after mixing. The full overturn of the lake during this study instils doubts of the validity of the past meromictic classification given to Lake Albano. However, if the lake goes through extended periods of meromixis any calcite and phosphorus entering into the monimolimnion (the deep undisturbed layer) is likely to remain there until another full mixing event occurs.
The declining volume of the lake combined with internal loading and continual external inputs of N and P are the most probable causal factors of toxic cyanobacterial blooms. These phenomena occur regularly for long periods in the year, in autumn then in late winter and spring. These blooms must be considered permanent or lasting at least until there is a cessation of external inputs and/or a reduction in water abstraction to allow a regain of lake volume. The small catchment size simplifies the identification of external nutrient inputs which most likely arise from surface runoff and municipal effluents that still discharge into the lake. Therefore, any attempt to recover and improve water quality in Lake Albano will need to consider, firstly, elimination of all external inputs of P into the lake and secondly, the re-naturalization of the hydrological budget of the lake at the watershed scale. Both these aspects must be preceded by in-depth studies of the main sources of P and the excessive water extraction for the realisation of an effective water use management strategy. Without making any mitigating measures the extent if the problems associated with Lake Albano will only accelerate with the decreasing volume of the lake.
Stopping the external P inputs will aid the recovery of the lake; however it will take some years before mesotrophy is attained due to slow water renewal rates and the storage of nutrients in the hypolimnion. Under these conditions, the use of techniques to shorten the recuperation time could be considered. Such techniques focus on increasing the precipitation rate of P and avoiding hypolimnetic solubilisation, for instance using aluminium hydroxide or other poly-electrolytes as floc-culants (Galvez-Cloutier et al. 2002) . Positive effects could also derive from the oxygenation through the injection of oxygen gas to the deepest waters which can also reduce significantly the presence of P in the water column (Prepas et al. 1997; Klapper 2003) .
